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ABSTRACT 


The  angular  distribution  of  light  reflected  from  carbon  dioxide  cryo- 
deposits  formed  at  various  rates  on  polished  copper  and  black  substrates 
has  been  measured  for  various  cryodeposit  thicknesses  and  angles  of 
incidence.  Cryodeposits  were  found  to  reflect  light  essentially  diffusely 
at  thicknesses  greater  than  about  100  microns  (ju).  The  specular  reflec¬ 
tion  from  both  polished  copper  and  black  substrates  could  be  reduced 
by  as  much  as  two  orders  of  magnitude  by  a  100-/u-thick  cryodeposit. 
Bragg  interference,  backs cattering,  scattering  interference,  and  shifts 
of  the  angular  location  of  the  specular  component  were  all  observed  and 
illustrated  that  light  reflection  from  cryodeposits  is  a  very  complex 
phenomenon. 
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Most  large  thermal-vacuum  space  simulation  chambers  employ 
cryogenic  pumping,  and  consequently,  the  test  vehicle  is  surrounded 
by  panels  cooled  to  near  77°K  by  liquid  nitrogen  (LN2).  These  panels 
are  normally  painted  black  to  minimize  the  reflection  of  radiation 
from  the  solar  simulator.  However,  as  carbon  dioxide  (CO2)  and 
water  (H2O)  vapor  frost  films  form  on  the  panel,  caused  by  cryo- 
pumping,  the  reflective  characteristics  of  the  panels  change,  and  the 
test  vehicle  thermal  balance  would  be  altered.  For  these  reasons 
the  reflective  characteristics  of  cryodeposits  are  being  systematically 
investigated  at  the  Aerospace  Environmental  Facility  (AEF).  Refer¬ 
ences  1  through  7  report  some  of  the  reflectance  properties  of  CO2 
and  H2O  cryodeposits  which  have  been  obtained  to  date.  The  wave¬ 
length  range  covered  in  these  studies  is  that  of  most  interest  in  simu¬ 
lating  the  solar  spectrum. 

One  phase  of  this  program  is  the  measurement  of  the  angular  dis¬ 
tribution  of  light  reflected  from  cryodeposits.  This  report  presents 
data  showing  the  distribution  of  reflected  radiation  from  thin  CO2 
cryodeposits  formed  on  polished  copper  and  black  substrates.  Cryo- 
deposit  thicknesses  vary  from  approximately  1  to  approximately 
270  microns  (u).  For  all  tests  the  incident  light  beam  was  provided 
by  a  xenon  arc  lamp,  oriented  at  angles  from  0  to  70  deg  from  the 
normal  to  the  substrate.  Test  results  presented  herein  are  useful 
in  determining  the  effect  of  wall  reflections  on  the  thermal  balance 
of  test  vehicles  in  space  chambers  and  also  contribute  to  the  knowledge 
of  the  structure  of  cryodeposits. 


SECTION  II 

EXPERIMENTAL  APPARATUS 


2.1  VACUUM  CHAMBER 

All  tests  were  conducted  in  a  30-in.  -diam  spherical  vacuum  cham¬ 
ber,  schematically  shown  in  Fig.  1  (Appendix).  It  was  assembled  from 
two  flanged  30 -in.  stainless  steel  hemispheres  joined  with  an  O-ring 
seal.  The  pumping  system  consisted  of  a  400-liter/min  mechanical 
pump  and  a  6 -in.  oil  diffusion  pump  which  was  equipped  with  a  water- 
cooled  baffle  and  an  LN2-  cooled  cold  cap.  A  vacuum- rated  valve 
was  used  to  isolate  the  chamber  from  the  pumping  system.  The  sys¬ 
tem  could  be  pumped  to  1  x  10  "6  torr.  The  interior  of  the  chamber 
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was  painted  with  flat  black  paint  to  minimize  the  reflection  of  radiation 
from  the  chamber  walls. 


2.2  TEST  SURFACE 

Test  cryodeposits  were  formed  on  a  7.  6-  by  10.  2 -cm  copper  cryo- 
surface  which  was  located  near  the  center  of  the  chamber  (Fig.  1).  It 
could  be  cooled  to  77°K  by  the  use  of  LN2.  A  rotary  vacuum  seal  was  used 
to  allow  rotation  of  the  surface  to  any  desired  polar  angle  with  respect 
to  the  incident  light  beam.  The  position  of  the  surface  was  set  to  ±0.  5  deg 
by  means  of  a  protractor  indexing  device.  Cryodeposits  were  formed  on 
a  polished  copper  surface  with  an  rms  surface  roughness  of  0.  01  p  or  on 
a  black  epoxy-coated  surface  (Cat-A-Lac  Black®).  The  surface  rough¬ 
ness  of  the  black  painted  surface  was  not  determined. 


2.3  OPTICAL  SYSTEM  AND  DETECTOR 

The  optical  system  consisted  of  a  1600-watt  xenon  lamp,  a  condensing 
lens  system,  and  a  collimating  tube  which  was  built  into  the  chamber  port. 
A  schematic  of  the  optical  system  is  given  in  Fig.  2.  The  chamber  was 
also  equipped  with  a  detector  arm  having  a  25-cm  radius  on  which  sili¬ 
con  solar  cells  were  mounted  at  10-deg  intervals.  The  arm  could  be 
remotely  rotated  at  constant  .angular  velocity  about  the  test  surface, 
thereby  mapping  the  distribution  of  the  reflected  radiation.  A  composite 
normalized  spectral  distribution  of  the  xenon  lamp,  beam  collimating 
system,  and  detector  is  presented  in  Fig.  3.  Data  in  Fig.  3  were  obtained 
by  removing  the  cryosurface  from  the  chamber,  aligning  the  detector  to 
intercept  the  light  beam,  and  measuring  the  maximum  detector  output 
as  different  interference -type  filters  were  inserted. 


2.4  GAS  ADDITION  SYSTEM 

Carbon  dioxide  with  a  purity  level  of  99.  8  percent  was  introduced 
into  the  vacuum  sphere  by  means  of  a  calibrated  leak  system.  The  gas 
was  supplied  by  a  reservoir  which  was  maintained  at  an  essentially 
constant  forepressure  of  760  torr  and  flowed  into  the  chamber  through 
a  needle  valve  and  through  one  of  three  leaks.  The  three  available 
leaks  were  calibrated  at  the  operating  forepressure  and  at  backpres¬ 
sures  spanning  the  range  covered  in  the  experiment. 

Cryodeposits  of  various  thicknesses  were  formed  on  the  LN2 -cooled 
test  surface  by  allowing  CO2  to  flow  into  the  chamber  for  various  time 
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intervals  from  1  min  to  several  hours  (depending  on  the  flow  rate  of  the 
leak).  The  thickness  of  the  cryodeposit  was  determined  by  the  method 
outlined  in  Section  HI. 


2.5  INSTRUMENTATION 

The  chamber  pressure  was  measured  with  a  conventional  ioniza¬ 
tion  gage  or  an  Alphatron®,  depending  on  the  test  pressure  level,  and 
the  forepressure  on  the  leak  was  read  on  a  Wallace -Tiernan  gage.  For 
most  tests  the  cryosurface  temperature  was  monitored  by  means  of  a 
conventional  thermocouple. 

As  the  cryodeposit  formed,  the  detector  output  was  recorded  con¬ 
tinuously  on  a  conventional  time -history  plotter.  Distributions  of 
reflected  light  from  a  given  deposit  were  recorded  on  an  X-Y  plotter. 


SECTION  III 
PROCEDURE 

The  angular  distribution  of  light  reflected  from  the  surfaces  was 
determined  by  the  biangular  technique,  illustrated  in  Fig.  4.  Incident 
energy,  Ej,  contained  in  the  solid  angle,  Au>i,  was  directed  onto  the 
test  surface  at  the  angle,  ip,  from  the  normal.  Reflected  energy,  Er, 
in  a  particular  solid  angle,  Awr,  would  lie  at  an  angle,  9,  from  the 
normal  and  tne  angle,  from  the  plane  of  incidence.  The  detector 
arm  was  arranged  so  that  its  rotation  mapped  the  reflected  energy 
over  all  angles  of  6  for  <j>  =  0,  10,  20  deg,  etc.  *  However,  only  those 
distributions  obtained  for  0=0  deg  will  be  presented  inasmuch  as  the 
distributions  for  <f>  >  0  deg  demonstrated  nothing  unusual. 


3.1  DISTRIBUTION  MEASUREMENTS 

After  the  chamber  had  been  pumped  to  about  1  x  10"®  torr  and 
valved  off  from  the  pumping  system,  the  xenon  lamp  was  turned  on 
and  the  test  surface  rotated  to  the  desired  angle  with  respect  to  the 
incident  light  beam.  For  tests  where  the  incident  light  was  normal  to 
the  test  surface,  alignment  was  achieved  by  rotating  the  surface  until 


♦Detectors  mounted  at  10-deg  intervals  on  the  rotating  arm  provided 
the  various  angles  of  <f> . 
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the  reflection  patterns  were  symmetrical.  For  nonnormal  incident 
radiation,  the  incidence  angle  was  approximately  set  with  a  protractor 
indexing  device. 

With  the  test  surface  still  at  room  temperature,  the  detector  arm 
was  rotated  through  an  arc  of  about  90  to  -60  deg  with  respect  to  the 
surface  normal  and  a  reference  trace  of  angular  distribution  of  re¬ 
flected  light  made  for  the  surface  without  a  cryodeposit  (:r  =  0).  The 
test  surface  was  rotated  to  different  values  of  i/  and  the  mapping  proce¬ 
dure  repeated.  Next,  the  cryosurface  was  cooled  to  77°K.  Before  CO2 
was  admitted  into  the  chamber,  another  reference  trace  of  reflected 
light  was  usually  made  again  for  various  values  of  ijj.  If  the  chamber 
had  been  pumped  to  at  least  1  x  10-6  torr,  these  two  reference  traces 
were  essentially  identical.  At  higher  background  pressures,  slight 
differences  occurred  because  the  residual  CO2  and  H2O  in  the  chamber 
formed  a  thin  film  on  the  test  surface. 

Cryodeposit  films  were  then  formed  by  flowing  CO2  into  the  cham¬ 
ber,  through  the  desired  leak,  for  a  specified  time.  Usually,  the 
detector  was  set  at  the  specular  angle  (ijj  =  6),  and  the  specular  com¬ 
ponent  of  the  reflected  radiation  was  monitored  continuously  as  the  cryo¬ 
deposit  grew.  After  the  flow  was  stopped  and  CO2  was  cryopumped  on 
the  test  surface,  producing  a  layer  of  a  given  thickness,  the  angular 
distribution  of  reflected  light  was  again  recorded  for  various  values  of 
Carbon  dioxide  was  again  added  to  the  chamber  forming  another 
layer  on  top  of  the  first,  and  the  above  radiation  measurements  were 
repeated.  This  procedure  was  continually  repeated  and  measurements 
made  for  each  resulting  cryodeposit  thickness.  Previous  tests  reported 
in  Ref.  7  have  demonstrated  that  the  angular  distributions  of  light  re¬ 
flected  from  multilayered  cryodeposits  like  those  formed  in  these  tests 
are  the  same  as  those  from  cryodeposits  which  are  formed  in  a  continu¬ 
ous  manner. 


3.2  CRYODEPOSIT  THICKNESS  MEASUREMENTS 

The  cryodeposit  thickness  was  determined  by  measuring  the  thick¬ 
ness  growth  rate  by  means  of  Bragg  Refraction- Reflection  interference 
phenomena;  the  technique  is  discussed  in  some  detail  in  Ref.  7.  These 
measurements  were  made  separately  for  each  flow  leak  used  in  the 
study  by  setting  the  angle  of  incidence  of  the  light  beam,  ijj,  to  some 
desired  value.  The  detector  arm  was  then  rotated  to  the  angle  of  specu¬ 
lar  reflection  {ijj  =  Q)  and  left  in  that  position.  An  interference -type  filter 
(usually  A  -  0.  9  ju)  was  inserted  into  the  light  beam.  Then  the  cryosur¬ 
face  was  cooled  with  LN2,  and  with  the  chamber  valved  off  from  the 
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pumping  system,  CO2  was  bled  in  at  a  constant  rate  through  the  desired 
leak.  The  variation  of  the  intensity  of  the  reflected  light  was  monitored 
continuously  at  the  specular  angle  of  reflection.  As  the  cryodeposit 
thickness  increases,  Bragg  interference  occurs.  Rays  which  are  (1) 
reflected  from  the  CO2  cryodeposit  surface  and  (2)  reflected  from  the 
substrate*  are  alternately  in  and  out  of  phase  with  each  other.  Thus, 
a  detector  set  at  the  specular  angle  of  reflection  then  experiences  a 
varying  signal  such  as  shown  in  Fig.  5.  From  the  Bragg  equation  it  is 
apparent  that  the  change  in  cryodeposit  thickness  between  two  adjacent 
peaks  is  given  by: 


At 


AqX 


2M\/l- 


(1) 


where  Aq  3  1.  Values  of  the  refractive  index,  y,  for  CO2  cryodeposits 
are  given  in  Ref.  7.  Because  the  gas  addition  rate  to  the  chamber  is 
essentially  constant,  the  cryodeposit  grows  at  a  constant  rate: 

4-  =  constant 
dl 


This  is  demonstrated  by  an  essentially  constant  spacing  between  adja¬ 
cent  peaks  or  valleys  in  the  test  results  shown  in  Fig.  5. 


The  change  in  thickness  per  period  (i.  e. ,  between  adjacent  peaks) 
is  given  by  Eq.  (1),  and  the  period  At  can  be  obtained  from  the  test 
data  (Fig.  5,  for  example).  Since  the  growth  rate  is  constant,  the 
overall  cryodeposit  thickness  may  be  determined  by  measuring  the  flow 
time  from: 


r 


Ar 

At 


t 


t 


X 


At 


(3) 


This  procedure  was  repeated  for  each  leak.  The  growth  rate.  At /At, 
for  each  leak  employed  is  given  below: 


Cryodeposit  Growth  Rate, 
Leak  _ \ u  /min _ 


1 

2 

3 


2.25 
0.423 
0.  0385 


*Data  shown  in  Fig.  5  were  obtained  with  a  Cat-A-Lac  Black  sub¬ 
strate,  but  the  same  type  of  patterns  also  occurs  for  the  polished  copper 
substrate. 
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The  spectrum  of  the  xenon  lamp  exhibits  a  rather  strong  peak  at 
wavelengths  near  0.  9  ju  (see  Fig.  3).  As  a  result,  weaker  Bragg 
interference  also  occurred  even  without  the  use  of  filters  for  thin 
layers.  Usually,  these  patterns  were  recorded  as  the  test  cryo- 
deposits  were  being  formed  to  provide  a  check  on  the  thickness  deter¬ 
mined  from  Eq.  (3).  In  all  cases  the  agreement  was  good. 


SECTION  IV 
RESULTS 


The  distribution  of  light  reflected  from  CO2  cryodeposits  of  various 
thicknesses  on  a  polished  copper  substrate  is  presented  in  Figs.  6,  7, 
and  8.  Table  I  summarizes  the  test  conditions  for  which  these  distribu¬ 
tion  measurements  were  made. 


TABLE  I 

TEST  RESULTS  FOR  A  POLISHED  COPPER  SUBSTRATE 


Figure 

Number 

Substrate 

deg 

Range  of 

0,  deg 

Cryodeposit 
Formation 
Rate,  p/min 

Cryodeposit 
Thickness,  p 

6 

Polished 

Copper 

10.  20. 
30,  40, 
50,  60, 

70 

-30  to 
+  90 

2.  25 

0,  2.25,  6.75,  15.75, 
20.  25,  27.0,  33.  75, 

50.  63,  67.5,  122.  5, 

157. 5,  and  270.  0 

7 

Polished 

Copper 

_ 

10,  20, 
30,  40, 
50,  60, 

70 

_ 

0  to 
+  90 

0.  423 

0,  12,  7,  25.  4,  and 

50.  8 

8 

m 

■ 

0.0385 

0,  1.  5,  3.  5,  and  7.  5 

The  distribution  of  light  reflected  from  CO2  cryoueposits  formed 
on  a  black  epoxy  substrate*  is  given  in  Figs.  9,  10,  and  11.  Test 


*Cat-A-Lac  Black 
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conditions  at  which  these  distributions  were  measured  are  summarized 
in  Table  II. 


TABLE  II 

TEST  RESULTS  FOR  A  BLACK  EPOXY  PAINT 


Figure 

Number 

Substrate 

0,  deg 

Range  of 
9,  deg 

Cryodeposit 
Formation 
Rate,  p/min 

Cryodeposit 
Thickness,  p 

9 

-50  to 

2.  25 

0,  2.25,  6.  75,  15.  75, 

+90 

33.75,  67.50,  157.50, 

and  270. 0 

_ 

10 

Black* 

0,  10, 

0.423 

0,  2.25,  4.50,  15.  67, 

Epoxy 

20,  30, 

38.  20,  and  76.  20 

Paint 

40,  50, 

* 

No.  1 

60,  70 

11 

Black* 

0,  10, 

-50  to 

0.0385 

0,  1.46,  2.25,  6.75, 

Epoxy 

20,  30, 

H 

CD 

O 

15. 75,  and  24.  75 

Paint 

40,  50, 

No.  2 

60,  70 

I 

Except  for  data  given  by  Fig.  8,  the  distributions  of  reflected  light  are 
presented  in  normalized  form,  and  all  data  presented  are  for  <f>  =  0  deg. 
The  normalization  was  achieved  by  dividing  the  detector  output,  which 
is  a  function  of  0,  0,  and  t,  or  E(0,  0,  t),  by  the  specular  reflectance 
of  the  substrate  without  a  cryodeposit  (i.  e.  ,  t  =0  and  0  =  0)  or: 

Normalized  Value  =  T)  . 

E(0,  0.  0) 

The  normalizing  factors,  E(0,  0,  0)  ,  are  given  in  Fig.  12  for 
each  incidence  angle  for  the  polished  copper  and  the  two  different  paint 
coatings.  *  If  desired,  the  measured  distributions  of  reflected  light 
may  be  reproduced  by  multiplying  the  normalized  distributions  by  the 
appropriate  normalizing  factor  from  Fig.  12.  Several  methods  of  data 
presentation  are  employed  in  Figs.  7  through  11. 

As  the  detector  arm  passed  the  angle  -0=0,  it  blocked  off  the 
incident  light  beam,  and  the  signal  fell  to  zero  (see  Fig.  6,  for  example). 
For  distributions  measured  with  the  black  substrate,  it  was  possible 
to  interpolate  across  these  blockage -induced  "valleys"  with  confidence.' 
When  interpolation  was  employed,  the  range  of  interpolation  is  identi¬ 
fied  in  the  figure. 


*Data  were  obtained  with  two  different  black  painted  surfaces.  Since 
the  reflection  properties  of  the  paint  were  found  to  vary  from  batch  to 
batch,  the  two  layers  are  identified  as  coatings  1  and  2. 
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SECTION  V 
DISCUSSION 


5.1  REFLECTION  FROM  THIN  CRYODEPOSITS 

If  the  light  source  has  a  strong  energy  peak  in  some  wavelength 
range  <i.  e. ,  if  it  is  quasi-monochromatic),  the  overall  level  of  the 
reflected  distribution  is  significantly  influenced  by  Bragg  interference 
when  the  cryodeposits  are  relatively  thin.  Figure  13  gives  the  signal 
variation  (proportional  to  the  cryodeposit  reflectance)  as  a  function  of 
cryodeposit  thickness  for  "white"  light  from  the  xenon  lamp  having  an 
incidence  angle  of  30  deg.  Large  variations  of  the  amount  of  reflected 
energy  are  observed  until  the  cryodeposit  is  about  2  p  thick.  The 
overall  level  of  the  reflected  distributions  follows  the  same  variation 
shown  here.  If  the  effect  of  this  interference  phenomenon  is  not  con¬ 
sidered.  the  distributions  would  give  the  appearance  of  being  incon¬ 
sistent  when  the  cryodeposits  are  quite  thin.  A  good  example  of  this 
may  be  observed  by  comparing  the  distributions  obtained  for  r  -  1.465 
and  2.  25  p  in  Fig.  11.  The  overall  energy  level  for  these  two  distribu¬ 
tions,  however,  is  quite  understandable,  at  least  at  0  =  30  deg,  with  the 
aid  of  Fig.  13. 

The  effect  of  Bragg  interference  phenomena  on  the  level  of  the  re¬ 
flected  distributions  may  produce  an  important  effect  in  thermal -vacuum 
tests.  Any  solar  simulator  which  reasonably  well  approximates  the 
solar  spectrum  would  be  sufficiently  monochromatic  to  produce  Bragg 
interference.  Thus,  the  wall  reflectance  could  be  expected  to  vary  by 
a  factor  of  four  or  five  until  the  cryodeposit  achieved  a  thickness  of 
about  2  p.  Moreover,  since  the  wall  reflectance  is  quite  sensitive  to 
small  changes  in  cryodeposit  thickness  in  this  range,  the  introduction 
of  relatively  small  amounts  of  CO2  into  the  chamber  by  the  test  vehicle 
or  by  other  means  could  significantly  change  the  wall  reflectance.  It 
should  be  noted  that  these  changes  could  be  beneficial  in  that  the  wall 
reflectance  may  be  reduced. 

The  extent  of  this  effect  depends  on  how  monochromatic  the  light 
source  is.  This  effect  also  exists  for  a  polished  copper  substrate  but 
to  a  much  lesser  degree  (see  Ref.  7). 

5.2  ANGULAR  DISTRIBUTION  OF  REFLECTED  LIGHT 

Measurements  made  in  an  integrating  sphere,  which  have  been 
reported  previously  (Ref.  5),  have  shown  that  the  hemispherical  re¬ 
flectance  of  the  substrate  (without  a  cryodeposit)  is  initially  decreased 
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as  a  CC>2  cryodeposit  begins  to  form.  When  the  cryodeposit  reaches 
a  thickness  from  about  100  to  400  ju,  the  hemispherical  reflectance 
then  begins  to  increase  with  further  increases  of  the  cryodeposit 
thickness.  In  the  case  of  a  black  substrate,  the  amount  of  light  re¬ 
flected  from  a  cryodeposit  can  be  several  times  that  reflected  from 
the  substrate  alone.  The  same  trends  are  evident  in  the  angular 
distribution  of  reflected  light  data  presented  in  Figs.,  6  through  11. 

The  amount  of  light  reflected  at  the  specular  angle' is  significantly 
decreased  with  increasing  cryodeposit  thickness  for  all  angles  of 
incidence.  For  example,  a  100 -p -thick  CO2  cryodeposit  on  a 
polished  copper  substrate  reflects  about  1/100  as  much  light  at  the 
specular  angle  than  does  the  substrate  without  a  cryodeposit.  Inspec¬ 
tion  of  the  angular  distributions  shows,  however,  the  amount  of  light 
reflected  at  most  other  angles  is  significantly  increased.  Thus,  in 
general,  the  cryodeposit  has  a  diffusing  effect,  at  least  over  the  wave¬ 
length  range  covered  in  this  investigation.  The  specular  component  of 
the  reflected  light  decreases  with  increasing  cryodeposit  thickness  and 
eventually  disappears  completely,  whereas  the  diffuse  components,  in 
general,  steadily  increase.  The  details  of  these  changes,  however, 
vary  somewhat  between  the  two  substrates  investigated. 

5.2.1  Polished  Copper  Substrate 


Figure  6  contains  the  most  complete  set  of  angular  distributions 
of  light  reflected  from  cryodeposits  formed  on  a  copper  substrate. 

The  polished  copper  substrate  itself  was  a  highly  specular  reflector 
at  all  incident  angles.  Nearly  all  of  the  reflected  energy  was  within 
±5  deg  of  the  specular  angle.  Also,  the  copper  surface  reflected 
about  the  same  amount  of  light  at  all  incident  angles  (Fig.  12). 

As  the  cryodeposit  thickness  increased,  the  specular  component 
of  the  reflected  light  decreased  rapidly.  At  a  thickness  of  67.  5  p 
and  greater,  the  specular  component  disappeared  completely  for  all 
incident  angles  except  \jj  =  70  deg.  This  was  initially  accompanied  by 
an  increased  amount  of  reflected  radiant  energy  at  nonspecular  angles. 
For  thicker  deposits  the  amount  of  light  reflected  at  all  angles  appeared 
to  decrease  steadily.  *  The  thicker  layers  (122  and  270  p)  appeared  to 
be  quasi- diffuse  and  reflected  a  small  amount  of  light  in  all  directions 
in  the  plane  of  incidence  and  specular  reflection  ($  =  0  deg).  Other 


♦  Previous  test  results  obtained  in  an  integrating  sphere  (Ref.  5) 
demonstrated  that  the  reflectance  of  CO2  cryodeposits  on  a- polished 
stainless  steel  substrate  begins  to  increase  at  thicknesses  between 
about  300  and  400  p.  Layers  this  thick  were  not  studied  in  the  present 
investigation. 
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detectors  located  at  10-deg  intervals  on  the  rotating  arm  (i.  e.  ,  $  =  10, 
20  deg,  etc. )  indicated  that  nothing  unexpected  occurred  outside  of 
the  primary  <f>  =  0  deg  measuring  plane. 

The  effect  of  the  cryodeposit  formation  rate  on  the  angular  dis¬ 
tribution  of  reflected  light  with  copper  substrates  may  be  observed 
by  comparing  the  distributions  given  in  Figs.  6  and  7.  At  formation 
rates  of  2.  25  and  0.  423  p/min,  respectively,  the  general  trends  in 
the  distributions  are  seen  to  be  similar;  that  is,  there  was  a  rapid 
decrease  and  eventual  disappearance  of  the  specular  peak  resulting 
in  a  quasi-diffuse  distribution  of  reflected  light.  The  general  level 
of  the  quasi-diffuse  reflected  energy  from  about  a  50-^ -thick  layer 
was  about  the  same  for  both  formation  rates  at  all  angles  of  incidence. 
On  the  copper  substrate  there  appeared  to  be  little  effect  of  these  two 
formation  rates  on  the  reflection  properties  of  the  cryodeposits. 


5.2.2  Black  Substrate 

The  black  substrate  had  an  overall  reflectivity  of  about  5  to  8  per¬ 
cent.  With  no  cryodeposit,  it  exhibited  a  quite  broad  specular  peak 
at  all  angles  of  the  incident  light  (see  Fig.  9).  The  black  epoxy- 
coated  surface  reflected  considerably  more  light  at  large  incident 
angles  from  the  normal.  For  example,  coating  1  reflected  almost 
10  times  as  much  light  at  0  =  70  deg  as  it  did  at  ^  =  10  deg  (see 
Fig.  12). 

It  may  be  observed  in  Fig.  9\  that  as  the  cryodeposit  grows  on  the  black 
surface,  the  specular  component  of  the  reflected  light  decreases  rapidly 
and  finally  disappears  at  thicknesses  of  about  67.5  n  and  above  for  the 
lower  incident  angles.  At  an  incident  angle  of  70  deg  a  weak  specular 
component  is  estimated  to  exist  at  thicknesses  up  to  100  ju.  The  thicker 
layers  examined,  r  =  157.  5  and  270  n,  appeared  to  reflect  light  quite 
diffusely  at  all  angles  of  incidence  (Fig.  9).  However,  except  for 
ip  =  0  deg,  the  amount  of  light  reflected  in  the  vicinity  of  6  =  0  deg  was 
somewhat  lower  than  would  be  expected  from  a  diffuse  distribution. 

This  gives  the  impression  that  a  significant  amount  of  backs cattering 
occurs  along  the  incident  beam.  This  is  also  suggested  by  several  of 
the  logarithmic  plotted  distributions  for  thin  deposits  on  a  copper  sur¬ 
face  given  in  Fig.  8. 

Figure  9  also  illustrates  the  minimum  reflectance  at  the  specular 
angle  is  reached,  in  this  case  at  a  thickness  of  about  67.  5  to  100 
further  increase  of  the  cryodeposit  thickness  greatly  increases  the 
amount  of  light  reflected  at  all  angles.  For  example,  at  the  lower 
angles  of  incidence,  increasing  the  deposit  thickness  from  67.  5  to 
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270  fj.  increases  the  amount  of  light  reflected  at  all  angles  by  a  factor 
of  ten.  The  change  of  reflection  properties  of  cryodeposits  with  thick¬ 
ness  is  the  subject  of  the  next  section. 

Comparison  of  Figs.  9,  10,  and  11  indicates  that  the  rate  of  cryo- 
deposit  formation  has  some  effect  on  the  distribution  of  reflected  light. 
This  comparison  is  not  too  meaningful  because  the  distributions  shown 
were  obtained  with  two  different  Cat-A-Lac  Black  coatings.  A  more 
direct  comparison  is  made  in  Fig.  14  where  the  normalized  detector 
output  at  the  specular  angle  only  is  shown  as  a  function  of  cryodeposit 
thickness  for  all  three  deposit  formation  rates  and  for  the  paint  coat¬ 
ings  1  and  2  at  the  highest  formation  rate.  Different  normalizing 
factors  were  employed  for  each  coating  as  shown  in  Fig.  12.  Com¬ 
parison  of  the  curves  in  Fig.  14  illustrates  that  the  two  paint  coatings 
did  reflect  light  somewhat  differently,  but  if  this  is  taken  into  account 
it  still  appears  as  if  the  formation  rate  does  affect  the  reflection  prop¬ 
erties  of  cryodeposits.  Only  a  few  cryodeposit  thicknesses  formed  at 
the  slowest  rate  were  investigated  because  of  the  long  times  needed 
to  form  the  layer.  However,  these  data  lead  to  the  conjecture  that  if 
the  cryodeposit  is  formed  slowly  on  a  black  substrate,  much  thicker 
layers  would  be  required  before  the  specular  component  would  dis¬ 
appear  and  before  the  light  would  be  reflected  in  a  diffuse  manner. 

This  suggests  then  that  slowly  formed  layers  may  tend  to  be  much 
smoother.  It  should  be  pointed  out  that  the  equilibrium  chamber  pres¬ 
sure  was  also  different  for  each  formation  rate  (being  higher  for  the 
larger  rates  of  formation).  It  is  conceivable  that  this  could  also  have 
produced  the  differences  shown  in  Fig.  14.  However,  measurements 
of  the  refractive  index  of  CO2  cryodeposits  made  at  various  pressure 
levels  but  at  the  same  formation  rate  (Ref.  7)  indicate  that  the  cryo¬ 
deposit  structure  is  not  drastically  different  when  it  is  formed  at 
pressures  between  10”^  to  10  torr.  Consequently,  it  is  believed  that 
variation  of  the  background  pressure  is  probably  not  responsible  for 
the  differences  shown  in  Fig.  14. 

5.3  EFFECT  OF  CRYODEPOSIT  THICKNESS 

The  amount  of  light  reflected  at  the  specular  angle  (i.  e. ,  0  =  0) 
is  shown  in  Figs.  15  and  16  for  cryodeposits  of  various  thicknesses 
formed  on  a  polished  copper  and  black  substrate,  respectively.  These 
figures  illustrate  the  decrease  of  the  specular  component  with  increas¬ 
ing  cryodeposit  thicknesses  described  previously. 

Another  comparison  of  the  amount  of  light  reflected  at  the  specu¬ 
lar  angle  (0  =  0  =  30  deg)  from  deposits  on  copper  and  black  substrates 
is  given  in  Fig.  17.  It  is  observed  that  at  the  specular  angle  the  amount 
of  light  reflected  from  a  polished  copper  substrate  is  decreased  about 
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two  orders  of  magnitude,  and  with  a  black  surface  the  decrease  is 
about  an  order  of  magnitude.  One  interesting  comparison  shows  that 
at  \\j  -  6  =  30  deg  the  amount  of  light  reflected  from  a  100-jU-thick 
cryodeposit  on  a  polished  copper  surface  is  about  the  same  as  would 
occur  if  the  surface  had  been  painted  black. 

The  present  data,  together  with  those  given  in  Ref.  5,  indicate 
that  thin  CO2  cryodeposits  can  be  useful  in  significantly  reducing 
both  the  specular  component  and  the  total  amount  of  light  reflected 
from  a  cryosurface.  In  addition,  the  reflectivity  of  a  black  surface 
can  be  further  decreased  by  forming  a  CO2  cryodeposit  about  100  p 
thick  on  it  at  least  for  light  at  wavelengths  covered  in  these  tests. 

In  the  specular  direction  this  decrease  can  be  as  large  as  an  order 
of  magnitude.  Figure  17  also  illustrates  the  magnitude  of  Bragg  inter¬ 
ference  effects  with  polished  copper  and  black  substrates. 


5.4  SHIFT  OF  THE  SPECULAR  COMPONENT 

Another  phenomenon  which  is  apparent  with  a  black  substrate  but 
not  with  a  copper  substrate  is  that  the  maximum  amount  of  light  re¬ 
flected  from  cryodeposits  at  the  higher  incidence  angles  does  not  occur 
at  the  specular  angle  (see  Figs.  9  to  11  for  i>  -  60  and  70  deg).  The 
amount  of  this  specular  shift  is  illustrated  in  Fig.  18  where  A 9  is 
defined  as 

A0  3  0peak  -  $ 

Without  a  cryodeposit  the  specular  peak  occurred  at  a  little  less  than 
70  deg,  which  was  undoubtedly  because  of  a  slight  misalignment  of 
the  incident  beam  with  respect  to  the  surface.  As  the  cryodeposit 
thickness  was  increased  from  about  2  to  75  n,  a  shifting  of  the  specu¬ 
lar  peak  of  2  to  about  10  deg  occurred. 

Such  shifts  have  been  noticed  previously  for  CO2  cryodeposits 
(Ref.  3).  In  addition,  the  occurrence  of  off-specular  peaks  at  high 
incidence  angles  has  been  reported  by  several  investigators  (notably, 
Torrance  and  Sparrow,  Ref.  8)  for  mechanically  roughened  surfaces. 

In  the  present  tests  the  amount  of  the  specular  shift  was  essentially 
the  same  for  the  two  larger  deposit  formation  rates  (Fig.  18),  but  a 
much  smaller  and  relatively  constant  shift  was  indicated  at  the  low¬ 
est  formation  rate.  The  amount  of  the  specular  shift  for  ip  =  70  deg 
is  also  shown  for  the  largest  formation  rate  (leak  1)  but  on  paint 
coating  2.  It  is  seen  that  the  two  different  substrate  coatings  pro¬ 
duced  about  the  same  value  of  A0.  Consequently,  it  is  believed  that 
large  differences  in  A 9  between  leaks  1  and  2  and  leak  3  are  not 
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caused  by  any  alteration  of  the  substrate.  All  of  these  facts  do  not 
yet  allow  a  complete  explanation  of  the  cause  of  the  off-specular 
peaks  for  cryodeposits  on  a  black  painted  substrate.  However,  they 
do  show  that  the  shift  of  the  off-specular  peak  depends  on  the  frost 
formation  rate,  which  in  turn  suggests  that  perhaps  a  much  smoother 
deposit  is  formed  at  low  formation  rates.  In  any  event,  these  off- 
specular  peaks  deserve  further  study. 


5.5  SCATTERING  INTERFERENCE  PATTERNS 

Interference  patterns  were  also  observed  for  the  thin  layers 
on  a  polished  copper  substrate  {see  Figs.  6  and  8).  These  patterns 
were  not  produced  by  Bragg  refraction- reflection  interference  men¬ 
tioned  previously  but  were  caused  by  interference  of  (1)  rays  reflected 
and  scattered  from  the  cryodeposit  surface  with  (2)  transmitted  scat¬ 
tered  rays.  This  scattering  interference  phenomenon  is  of  some 
interest  and  can  be  utilized  to  measure  the  cryodeposit  thickness  and 
other  properties  of  the  cryodeposit.  It  is  analyzed  and  discussed  in 
Ref.  7.  It  is  apparent  from  the  logarithmic  scale  employed  in  Fig.  8 
that  the  energy  in  these  interference  peaks  is  unimportant  in  compari¬ 
son  to  that  in  the  specular  peak  and  that  they  are  probably  unimportant 
in  thermal -vacuum  testing.  However,  their  existence  together  with 
the  other  factors  described  above  serves  to  clearly  illustrate  that  the 
reflection  process  for  cryodeposits  is  extremely  complex. 

As  explained  in  Ref.  7,  these  scattering  interference  patterns 
depend,  in  part,  on  strong  specular  reflections  of  scattered  rays  from 
the  substrate.  As  a  consequence,  they  will  not  be  significant  with  a 
black  substrate. 


5.6  EFFECT  OF  DIFFUSION  PUMP  OIL  CONTAMINATION 

Most  space  simulation  chambers  also  employ  oil  diffusion  pumps, 
and  the  possibility  of  contaminating  optical  surfaces  and/or  the  cryo- 
genically  cooled  walls  through  backstreaming  is  ever  present.  Light 
distributions  reflected  from  room  temperature  surfaces  covered  with 
thin  films  of  diffusion  pump  oil  are  given  in  Ref.  9.  If  pump  oil  is 
present  and  the  surfaces  are  cooled  with  LN2,  the  oil  forms  a  frost 
layer.  The  effects  of  a  frost  sublayer  of  pump  oil  on  the  reflective 
properties  of  CO2  cryodeposits  were  determined,  at  least  in  a  cur¬ 
sory  way,  during  this  investigation. 
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A  small  but  unmeasured  quantity  of  pump  oil  was  introduced  into 
the  chamber  which  formed  a  film  on  the  polished  copper  surface.  When 
the  surface  was  cooled  to  77°K,  a  thin  oil  cryodeposit  formed.  It  re¬ 
flected  light  in  a  highly  specular  manner,  but  at  all  angles  of  incidence 
the  amount  of  reflected  radiant  energy  at  the  specular  angle  was  re¬ 
duced  by  10  percent  from  the  values  previously  measured  for  a  clean 
copper  surface  (Fig.  12).  Then  CO2  was  allowed  to  flow  into  the 
chamber,  and  cry  ode  posits  of  various  thicknesses  were  formed.  A 
few  comparisons  of  the  normalized  distributions  of  reflected  light 
measured  with  and  without  an  oil  frost  sublayer  are  given  in  Fig.'  19. 

In  all  cases  the  data  were  normalized  by  the  reference  values  for  a 
clean  copper  surface  (Fig.  12).  Consequently,  a  10-percent  reduc¬ 
tion  of  the  level  of  the  distributions  for  the  oil -contaminated  surface 
would  be  expected.  Figure  19  indicates  that  the  distributions  meas¬ 
ured  with  an  oil  sublayer  were  similar  to  those  obtained  with  the 
surface  clean  but  that  the  contaminated  surface  generally  reflected 
much  less  light  than  expected.  This  was  particularly  true  for  the 
thinner  layers.  Comparisons  at  other  deposit  thicknesses  or  angles 
of  incidence  yielded  the  same  results  as  shown  in  Fig.  19. 


SECTION  VI 
CONCLUSIONS 


Measurement  of  the  angular  distribution  of  light  reflected  from 
CO2  cryodeposits  having  thicknesses  from  1  to  270  n  and  formed  on 
polished  copper  and  black  epoxy  painted  substrates  has  lead  to  the 
following  conclusions: 

1.  Carbon  dioxide  cryodeposits  have  a  diffusing  effect 
on  light  at  wavelengths  from  about  0.  4  to  1.  2  \x. 

Specularly  reflected  light  from  the  substrate  dimin¬ 
ishes  with  increasing  cryodeposit  thickness.  The 
specular  component  of  the  reflected  light  disappears 
completely  at  deposit  thicknesses  between  about  60 
and  100  y. . 

2.  Carbon  dioxide  cryodeposits  with  thicknesses  over 
about  100  /u  reflect  light  essentially  diffusely. 

3.  For  very  thin  layers  (below  2  ju)  the  amount  of  light 
reflected  from  cryodeposits  is  significantly  influ¬ 
enced  by  Bragg  interference. 
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.  4.  The  amount  of  specularly  reflected  light  from  both 
polished  copper  and  black  substrates  may  be  sig¬ 
nificantly  reduced  by  forming  cryodeposits  on  the 
surface  with  thicknesses  below  about  100  /u. 

5.  At  thicknesses  over  about  100  fi  the  amount  of  energy 
reflected  from  the  deposit  tends  to  increase  with 
increasing  cryodeposit  thickness. 

6.  Strong  backs cattering  along  the  incident  beam,  scatter¬ 
ing  interference  peaks,  and  an  angular  shift  of  the 
specular  peak  were  all  observed.  These  and  other 
factors  mentioned  above  served  to  illustrate  that  the 
reflection  of  light  from  CO2  cryodeposits  is  a  complex 
phenomenon. 

In  regard  to  the  complication  introduced  in  thermal-vacuum  space 
simulation  tests  by  cryodeposits  forming  on  the  cold  chamber  walls, 
the  investigation  reported  herein  indicates  the  following: 

1.  If  the  cryodeposits  are  very  thin  (less  than  2  ju  or 
0.002  mm),  reflections  from  the  cryogenically  cooled 
chamber  walls  are  greatly  complicated  by  Bragg  inter¬ 
ference  phenomena.  Wall  corrections  to  thermal 
balance  test  data  will  be  extremely  difficult  to  derive 
and  apply.  However,  in  most  cases  these  corrections 
would  be  very  small  and  probably  negligible. 

2.  If  the  cryodeposit  thickness  is  between  2  to  70  fx 

(0.  002  and  0.  07  mm),  wall  corrections  will  have  to 
include  terms  for  specularly  reflected  light.  Also, 
cryodeposits  in  this  range  may  be  useful  in  decreas¬ 
ing  the  amount  of  light  reflected  from  the  chamber 
walls. 

3.  When  the  cryodeposit  thickness  is  greater  than  about 
100  fi  (0.  1  mm),  wall  corrections  to  thermal  balance 
test  data  become  increasingly  more  important.  For¬ 
tunately,  the  wall  may  be  treated  as  a  diffuse  reflector, 
which  should  significantly  simplify  the  determination  of 
thermal  balance  correction  factors. 
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Fig.  1  Schematic  of  Test  Apparatus 
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Detector  Output,  Arbitrary  Units 
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Fig.  4  Notation  Pertinent  to  Biangular  Distribution  Measurements 


22 


Detector  Signal,  mv 


0.80  x  2 


Fig.  5  Typical  Bragg  Interference  Patterns  for  o  Black  Substrate 
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Fig.  6  Normalized  Distribution  of  Light  Reflected  from  CO2  Cryodeposits  |  Formed  at  Various 
Thicknesses  on  a  Polished  Copper  Substrate  at  a  Rate  of  2.25  p/min 
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Fig-  7  Normalized  Distribution  of  Light  Reflected  from  COj  Cryodeposits  Formed  at  Various 
Thicknesses  on  a  Polished  Copper  Substrate  at  a  Rate  of  0.423  ft/ min 
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Fig.  9  Normalized  Distribution  of  Light  Reflected  from  CO2  Cryodeposits  Formed 
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Fig.  11  Normalized  Distribution  of  Light  Reflected  from  COg  Cryodeposits 
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Fig.  14  Variation  of  Normalized  Reflected  Energy  Output  at  Specular  Angle  for  Various 
CO2  Cryodeposits  Formed  on  Two  Different  Cat-A-Lac  Black  Surfoces 
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Fig.  ]8  Angular  Shift  of  the  Specular  Component  of  Light  Reflected  from  C02  Cryodeposits  Formed  at 
Various  Rates  on  a  Black  Epoxy  Painted  Substrate 
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Fig.  19  Comparison  of  the  Distribution  of  Light  Reflected  by  CO2  Cryodeposits  Formed 
on  a  Polished  Copper  Surface  with  and  without  an  Oil  Frost  Sublayer 
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